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2.10 GASEOUS TOROID AROUND SATURN 
Thomas R. McDonough 
In t roduct ion  
I t  has been suggested (McDonough and Brice 1973a) t h a t  T i t an ' s  escaping 
atmosphere could be trapped i n  the  Saturnian System i n  the  form of a t o ro ida l  
r i ng  o r  "doughnut". The radius  of t h e  t o r o i d  would be comparable t o  Ti tan ' s  
o r b i t ,  o r  about ten  times l a r g e r  than the  v i s i b l e  r ings .  Theore t ica l  analyses 
o f  t he  to ro id  have been made by McDonough and Brice (1973b), Dennefeld (1973), 
Tabari.6 (1973), and Sul l ivan (1973). 
The condit ion t h a t  t h e  majori ty of escaping atoms o r  molecules from Ti tan  
be unable t o  escape Saturn ' s  g rav i t a t iona l  a t t r a c t i o n  i s  t h a t  the  exospheric 
thermal ve loc i ty  be l e s s  than o r  comparable t o  the  o r b i t a l  speed of Ti tan ,  VT, 
o r  numerically, 
where m is  t h e  atomic o r  molecular weight, and Tex i s  the  exospheric tempera- 
t u r e  i n  O K .  Thus, i f  the  exospheric temperature i s  within an order  o f  magnitude 
of T ra f ton l s  (1972a) Ti tanian  exospheric temperature of 74O~,  most o f  t he  escap- 
ing  atmosphere w i l l  o r b i t  Saturn regardless  of  i t s  composition. 
The p o s s i b i l i t y  of much higher  exospheric temperatures has been suggested 
independently by Gross and Mumma (1973) i n  which case the  temperature might vio- 
l a t e  Equation l. Then, while most o f  t h e  gas might escape Saturn,  some f r a c t i o n  
of it would s t i l l  be re ta ined,  with the  Ti tanian  escape f l u x  s t i l l  y i e ld ing  a 
s u b s t a n t i a l  amount of gas o r b i t i n g  Saturn.  However, the  models presented  here  
a t  t he  Workshop p red ic t  temperatures t h a t  e a s i l y  s a t i s f y  Equation 1. 
A cons t r a in t  on the  composition and dens i ty  o f  a Saturnian to ro id  i s  given 
by the  paper of Franklin and Cook (1969). They s tud ied  p r i n c i p a l l y  the  con- 
s t r a i n t  on the  amount of sodium vapor surrounding Saturn ' s  v i s i b l e  r ings .  They 
derived an upper limit of %I00 Na atoms cm-3 f o r  a gas r i n g  comparable i n  s i z e  
t o  the  v i s i b l e  r ings ,  which y i e lds  an upper l i m i t  Q10 times smaller  f o r  t h e  
proposed to ro id .  Thei r  paper placed no c o n s t r a i n t s  on t h e  probable cons t i t u -  
e n t s  of  t h e  to ro id  (H, H2, CHI+, e t c . ) .  
S ize  of t h e  Toroid 
Charac t e r i s t i c  i nne r  and ou te r  r a d i i  o f  the to ro id ,  r,, are given, from 
c e l e s t i a l  mechanics, by: - 
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where r~ i s  Ti tan 's  o r b i t a l  radius and Vth is the RMS thermal speed of the 
p a r t i c l e  immediately a f t e r  escape from Titan.  The thickness of the  toroid ,  
AZ, perpendicular t o  the  equator ia l  plane, i s :  
For 7 0 ' ~  hydrogen atoms (or  1 0 0 ' ~  hydrogen molecules o r  2 8 0 ' ~  methane molecules), 
r-/rT, r+/rT, and A Z / r T  a re  0.4, 3, and 0.5, respectively.  A schematic top view 
of t h i s  to ro id  i s  shown i n  Figure 2-38. 
Hydrogen Density i n  the Toroid 
I f  the average to ro id  p a r t i c l e  survives f o r  a period of time T, and i f  we 
estimate the volume of the to ro id  t o  be *rT3, then its mean density,  NT, is:  
where F i s  the  atmos h e r i c  esca  e r a t e  from Titan.  Trafton (1972a) estimates 
F t o  be from 2 x loz9 t o  4 x loe9 Hz molecules sec- l  and Hunten1s (1973a) naxi- 
mum escape f lux i s  s l i g h t l y  smaller than the  l a t t e r  f igure.  I f  we take as a 
c h a r a c t e r i s t i c  l i fe t ime the ionizat ion l i f e t ime  of hydrogen atoms a t  Saturn 's  
distance,  T is  6 y r  and Equation 4 implies dens i t i e s  from ~ 1 0  t o *lo4 molecules 
cm- 3. 
Tabari6 (1973) independently es t imates ,  f o r  a s e r i e s  of Titanian model 
atmospheres, escape fluxes o f  hydrogen molecules from 5 x l o z 7  t o  9 x mols 
sec - l .  The associated atomic hydrogen escape fluxes range from 8 x loz6  t o  
l o z 7  atoms sec - l .  I t  would appear from these estimates t h a t  the  density of 
atomic hydrogen i n  the  toroid  i s  g rea te r  than 10 atoms cm-3 and would thus be 
op t i ca l ly  th ick a t  Lyman-a wavelengths. However, the  above density estimates 
may need t o  be lowered because of recapture of the hydrogen by Titan as d is-  
cussed below. 
Recycling of Ti tan 's  Atmosphere 
Pa r t i c l e s  which escape Titan but not Saturn w i l l  o r b i t  i n  e l l i p t i c a l  t r a -  
j ec to r i e s  t h a t  i n t e r s e c t  Ti tan 's  o r b i t ,  unless they are  perturbed. Since the 
p a r t i c l e  can o r b i t  Saturn many times, Titan and the p a r t i c l e  may happen t o  pass 
through the  same region a t  the  same time, allowing t h e  p a r t i c l e  t o  be recaptured. 
The e f fec t ive  area of Titan f o r  recapture of toroid  p a r t i c l e s  may be much l a rge r  
than Ti tan 's  v i s i b l e  area because i t s  exospheric radius may be an order of mag- 
nitude l a rge r  than the  v i s i b l e  radius (Trafton 1972a, Hunten 1973a), due t o  T i t an ' s  
weak gravi ta t ional  f i e l d .  I t  i s  estimated (McDonough and Brice 1973a,b), using 
a s impl i f ied  o r b i t a l  model, t h a t  up t o  *98% of 100°K hydrogen molecules could be 
recaptured i n  t h i s  way, i f  t h e  radius of the  base of Ti tan 's  exosphere is  of the  
order 2.5 x l o 4  km. I t  remains t o  be invest igated whether i n t e r p a r t i c l e  c o l l i -  
sions,  gravi ta t ional  per turbat ions ,  o r  radia t ion pressure s i g n i f i c a n t l y  a l t e r  
the o r b i t s  t o  hinder t h i s  atmospheric recycling phenomenon, 
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Effec t s  of  a Saturnian Magnetosphere 
I f  Saturn has a magnetosphere s i m i l a r  t o  J u p i t e r ' s ,  which extends t o  the  
v i c i n i t y  of T i t an ' s  o r b i t ,  i t  w i l l  p r o t e c t  t o r o i d  p a r t i c l e s  from d i r e c t  ioniza-  
t i o n  by solar-wind p a r t i c l e s ,  although some ion iza t ion  by solar-wind p a r t i c l e s  
t h a t  penet ra te  t h e  magnetopause and d i f fuse  t o  the  to ro id  i s  poss ib le .  Photo- 
i on iza t ion  and photodissocia t ion  would probably be important. Furthermore, 
co ro ta t ing  magnetospheric plasma could ion ize  the  t o r o i d  p a r t i c l e s .  Observa- 
t i o n  o f  t he  to ro id  dens i ty  a s  a funct ion  o f  radius  could thus  provide informa- 
t i o n  on the  presence o r  absence of a Saturnian magnetosphere. 
S c i e n t i f i c  Usefulness o f  t he  Toroid 
The composition o f  the  to ro id  would r e f l e c t  t he  composition of T i t an ' s  
atmosphere, and could provide information (possibly even from Earth o r b i t )  on 
whether the  Ti tanian  atmosphere i s  i n  a condit ion of blow o f f ,  on whether hydro- 
gen i s  present  i n  s u b s t a n t i a l  amounts i n  t h e  atmosphere of Ti tan ,  and on the  
r a t i o  o f  atomic t o  molecular hydrogen. I f  t h e  to ro id  can be mapped, e.g., by 
u l t r a v i o l e t  photometry, the  Ti tanian  exospheric temperature and n e t  l o s s  r a t e s  
may be found from Equations 2 through 4. The dens i ty  o f  the  to ro id  as  a func- 
t i o n  of radius  and azimuth could provide information on day-night asymmetries 
a t  Ti tan ,  t he  poss ib le  Saturnian magnetosphere, and the  r o t a t i o n  r a t e  of  Titan.  
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(1973a,b). The research  was sponsored, i n  p a r t ,  by t h e  NASA Physics and Astron- 
omy program under Grant no. 33-010-161, and t h e  National Science Foundation 
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Pollack:  Can we compare Traf ton ' s  and Uunten's escape f luxes?  Were they re-  
f e r r ed  t o  the  same level?  
Trafton:  Mine were shown f o r  both the  c r i t i c a l  level  and t h e  surface ;  t h e  t o t a l  
escape r a t e  was up t o  5 x molecules/sec. 
Hunten: And mine were a l l  r e f e r r e d  back t o  the  surface .  I f  we take a t y p i c a l  
f lux  o f  1011 cm-2 sec - l ,  the  t o t a l  r a t e  i s  almost s e c - l ,  s o  we a r e  bas i -  
c a l l y  i n  agreement. However, I remind you t h a t  my ca l cu la t ion  depends only on 
the  r a t e  of  d i f fus ion .  I f  t he  exosphere temperature i s  changed, o r  hydrogen 
i s  recycled from the  to ro id ,  t h e  s t r u c t u r e  o f  t he  corona changes t o  maintain 
the same n e t  l o s s  r a t e .  
S t robel :  What i s  t he  time requi red  t o  f i l l  t he  to ro id  t o  equil ibrium, i f  it 
s t a r t e d  out empty? 
McDonough: The average atomic-hydrogen l i f e t i m e  i n  t h e  to ro id  i s  about 150 o r b i t s  
o r  6 years and is  determined by the  r a t e  of  i on iza t ion  of t h e  hydrogen. The time 
t o  f i l l  t he  to ro id  would be of t h i s  same order ,  unless recapture  i s  important. 
Hunten: Regarding your estimate of up t o  98% of the  hydrogen being recaptured; 
i f  t h a t  were t o  occur, the  lower ne t  escape f l u x  w i l l  increase the  exospheric 
densi ty ,  hence, re-es tabl ishing the  o r ig ina l  n e t  escape f lux.  The flows may be 
more hydrodynamic than molecular a t  t h i s  point ,  which could fu r the r  i n h i b i t  your 
suggested high recapture f lux .  
Regarding per turbat ions  of the  atomic o r b i t s ,  I calculated some time ago 
t h a t  f o r  a  p a r t i c l e  densi ty  i n  the  toroid  of l o 3  p a r t i c l e s  ~ m - ~ ,  t he  mean f r e e  
path i s  about equal t o  the  to ro ida l  circumference. I am not sure  what t h i s  
mean f r e e  path  does t o  the  densi ty  d i s t r i b u t i o n  but it should randomize the  
o r b i t s  rapidly .  
Sagan: Would the  to ro id  have a  detectable e f f e c t  on the  s o l a r  wind? 
McDonough: Yes, it has a  depth of one mean f r e e  path f o r  charge exchange when 
the  density i s  l o 3  ~ r n - ~ .  So it w i l l  c a s t  a  shadow i f  it  i s  a t  l e a s t  t h a t  dense. 
Pollack: How br ight  would the  toroid  be i n  Lyman-a? 
Blamont: Maybe as much as 500 Rayleighs which i s  somewhat greater  than the  
300 Rayleigh d i f fuse  background glow. 
McDonough: I think the s c a t t e r i n g  from the to ro id  could be dist inguished i f  
there  were enough spec t ra l  resolut ion t o  separate  the components by t h e i r  
Doppler s h i f t s .  An OAO-type spacecraf t  would be idea l  f o r  looking a t  the  
toroid ,  although the  f i e l d  o f  view and the  s l i t s  are probably too narrow on 
the Copernicus spacecraft .  
Caldwell: The f i r s t  OAO did t r y  t o  detect  Lyman-a from Saturn, but as I r e c a l l ,  
it did not succeed f o r  several  reasons. 
